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In  this  paper,  a  series  of  LiVP04F-based  samples  are  prepared  through  sintering  LiVP04F  at  different 
temperatures  under  air.  Experimental  results  show  that  the  pristine  sample  is  oxidized  to  a  new  com¬ 
pound  Lii_xVP04Fi_y0z  (0  <  x  <  0.2,  0.9  <  y  <  1,  0.9  <z  <1)  with  similar  structure  of  LiVP040  under  air 
at  550  °C  or  higher  one.  In-situ  X-ray  diffraction  patterns  indicate  that  the  original  material  LiVP04F 
undergoes  two  two-phase  structural  evolutions  upon  Li+  electrochemical  extraction  at  average 
operating  potentials  at  4.26  and  4.30  V,  corresponding  to  the  continuous  transformation  of  LiVP04F  -► 
Lio.72VP04F  — >  VP04F  in  the  first  charge  process.  In  the  reverse  discharge  process,  there  is  only  one  two- 
phase  structural  transition  VP04F  ->  LiVP04F  without  the  appearance  of  the  intermediate  phase 
Lio.72VP04F  on  Li+  insertion  reaction  at  4.18  V.  Therefore,  the  extraction/insertion  process  of  LiVP04F  is  an 
asymmetrical  phase  transformation.  When  the  sintering  temperature  is  raised  to  550  °C,  Lii_xVP04Fi_y0z 
exhibits  extremely  poor  electrochemical  performance,  which  is  attributed  to  the  volatilization  loss  of 
lithium  and  the  replacement  of  fluorine  by  oxygen  in  the  structure  during  the  sintering  process  under  air. 
However,  Lii_xVP04Fi_y0z  has  a  very  stable  structure  during  the  whole  process  of  galvanostatic  charge/ 
discharge  cycles  as  confirmed  by  in-situ  X-ray  diffraction  technique. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  the  past  ten  years,  lithium-ion  batteries  have  been  extensively 
applied  to  various  portable  electronic  products,  such  as  laptops,  cell 
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phones  and  digital  cameras,  resulted  from  miniaturization  tech¬ 
nologies.  Nowadays,  the  application  of  lithium-ion  batteries  in 
large-scale  devices  such  as  power  electric  and  hybrid  electric  ve¬ 
hicles,  energy-efficient  cargo  ship,  locomotives  and  aerospace  are 
being  driven  by  an  ever-increasing  demand,  seriously  environ¬ 
mental  issues  and  ever-increasing  cost  of  fossil  fuels.  However, 
there  are  many  key  factors  in  electrode  materials,  such  as  working 
potential,  energy  density,  power  capability,  cycle  lifetime,  stable 
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structure  and  security  problems,  need  to  be  improved  before 
lithium-ion  batteries  could  be  applied  to  large-scale  devices  [1-6]. 
Owing  to  the  pivotal  role  of  cathode  materials  in  high  power 
lithium-ion  batteries,  much  attention  is  paid  to  the  development  of 
cathode  materials  such  as  layer-structured  UMO2  (M  =  Co,  Ni,  Mn) 
[7,8],  spinel-structured  LiMn204  [9,10],  olivine-structured  LiMP04 
(M  =  Fe,  Mn,  Co)  [11-15],  vanadium  oxide  (V205,  LiV308)  [16-18], 
Nasicon-type  LixM2(P04)3  (M  =  Fe,  V,  Ti)  [19],  fluorine-containing 
transition  metal  phosphates  and  sulfates  AxM(X04)F  (A  =  Li; 
M  =  V,  Fe,  Ti;  X  =  P,  S)  [20-24]. 

Inspired  pioneering  work  by  Barker  [25,26],  LiVP04F,  as  an 
attractive  cathode  material  for  the  next  generation  of  lithium-ion 
batteries,  is  a  novel  fluorophosphate  material  based  on  the  phos¬ 
phate  polyanion.  In  the  crystal  structure,  the  strong  inductive  effect 
of  the  P04-  polyanion  moderates  the  energetics  of  the  transition- 
metal  redox  couple  to  generate  the  relatively  high  operating  po¬ 
tentials.  Additionally,  the  effect  of  the  presence  of  additional  fluo¬ 
rine  atom  on  this  inductive  effect  in  the  structure  of  LiVP04F  is 
beneficial  to  develop  novel  polyanion  systems  in  the  future,  i.e.  the 
V-F  bond  is  very  stable,  which  results  in  the  structure  of  LiVP04F 
remaining  stable  upon  repeated  Li+  extraction/insertion  reactions 
[26].  However,  LiVP04F  exposed  to  air/moisture  is  difficult  to  avoid 
the  surface  oxidation  and  moisture-absorption,  which  will  result  in 
the  structural  changes  of  LiVP04F.  As  a  result,  it  may  show  poor 
electrochemical  performance  due  to  partial  vanadium  oxidation 
and/or  lithium  and  fluorine  loss  similar  with  those  appeared  on 
oxidized  LiFeP04  [27]. 

Therefore,  this  work  is  to  investigate  the  effects  of  oxidation  on 
the  structure  and  performance  of  LiVP04F  as  cathode  materials  for 
lithium-ion  batteries  through  a  combination  of  several  powerful 
techniques  such  as  thermogravimetry  and  differential  thermal 
analysis  (TG-DTA),  thermogravimetry,  differential  scanning  calo¬ 
rimetry  and  mass  spectrometry  (TG-DSC-MS),  inductively 
coupled  plasma  atomic  emission  spectrometer  (ICP-AES),  energy 
dispersive  spectrometer  (EDS),  X-ray  fluorescence  spectrometer 
(XRF),  X-ray  photoelectron  spectrometer  (XPS),  Fourier  transform 
infrared  spectrometer  (FTIR),  powder  and  in-situ  X-ray  diffraction 
(XRD)  techniques.  It  is  found  that  the  pristine  LiVP04F  shows  an 
asymmetrical  structural  evolution  but  oxidized  LiVP04F  with 
similar  structure  of  LiVP040  shows  almost  no  structural  trans¬ 
formation  during  charge/discharge  process. 

2.  Experimental 

2.1.  Synthesis  of  UVPO4F- based  samples 

The  synthesis  of  pristine  LiVP04F  was  similar  with  the  method 
reported  by  Barker  [9].  Firstly,  V205  (AR,  >99.0%),  NH4H2P04  (AR, 
>99.0%)  and  acetylene  black  (25%  mass  excess)  with  a  stoichio¬ 
metric  amount  were  mixed  and  sintered  to  yield  the  intermediate 
phase  VP04,  and  then  LiF  was  added  to  obtain  the  original  material 
LiVP04F.  Detailed  synthetic  steps  of  LiVP04F  were  reported  in  our 
previous  paper  [28].  Afterward,  a  series  of  LiVP04F-based  samples 
were  prepared  through  sintering  LiVP04F  over  a  temperature  range 
between  350  and  750  °C  for  30  min  under  air. 

2.2.  Electrode  and  cell  preparation 

The  working  electrode  was  prepared  by  mixing  80%  LiVP04F- 
based  samples  and  10%  polyvinylidene  fluoride  and  10%  carbon 
black.  This  powder  mixture  was  manually  ground  and  then  dis¬ 
solved  in  N-methylpyrodine  to  form  homogeneous  slurry,  and  then 
the  slurry  was  coated  on  Al  foil,  dried  at  120  °C  for  12  h  in  a  vacuum 
oven,  and  cut  into  discs  with  a  diameter  of  15  mm.  For  cell  fabri¬ 
cation,  the  counter  electrode  is  Li  metal  disc,  the  separator  is 


Whatman  glass  fiber  diaphragm,  and  the  electrolyte  is  comprised  of 
1  mol  L  1  LiPF6  in  ethylene  carbonate  and  dimethyl  carbonate  with 
a  volume  ratio  of  1:1. 

2.3.  Analytical  methods 

The  thermogravimetry  and  differential  thermal  analysis  behav¬ 
iors  of  LiVP04F  were  investigated  on  a  Seiko  TG/DTA  6300  instru¬ 
ment  under  air  over  a  temperature  range  between  20  and  800  °C 
with  a  heating  rate  of  5  °C  min-1.  The  cooling  process  was  con¬ 
ducted  under  natural  conditions.  Thermogravimetry,  differential 
scanning  calorimetry  and  mass  spectrometry  tests  were  performed 
by  a  NETSCH  STA  449C  combined  with  a  NETSCH  403C  Aeolos  II 
quadrupole  mass  spectrometer.  The  test  temperature  range  was 
from  30  to  550  °C  with  a  heating  rate  of  10  °C  min-1  under  argon 
with  an  oxygen  flowing  rate  of  18  ml  min-1.  Simultaneously,  the 
gaseous  products  formed  in  thermal  reaction  were  monitored  by  the 
connected  mass  spectrometer.  Powder  X-ray  diffraction  patterns 
were  collected  on  a  Bruker  D8  Focus  diffractometer  (40  kV,  40  mA), 
using  Cu-Ka  radiation.  The  scanning  angle  20  was  in  a  range  from  10 
to  80°  with  a  scanning  rate  of  4°  min-1.  The  surface  morphologies 
and  element  compositions  of  LiVP04F-based  samples  were  charac¬ 
terized  by  Hitachi  S3400  scanning  electron  microscopy  (SEM)  and 
Oxford  INCA  energy  dispersive  spectrometer.  Inductively  coupled 
plasma  atomic  emission  spectrometer  (Perkin  Elmer  Optima  2100 
DV)  was  employed  to  determine  the  mole  ratio  (At.%)  of  Li,  P  and  V  in 
the  original  LiVP04F  and  the  oxidized  samples.  The  valence  states  of 
vanadium  in  the  original  LiVP04F  and  the  samples  sintered  at  550  °C 
for  30  min  under  air  were  determined  by  X-ray  photoelectron 
spectrometer  (Kratos  Model  XSAM800)  equipped  with  an  Mg  Ka 
achromatic  X-ray  source  (frv  =  1235.6  eV).  X-ray  fluorescence 
spectrometer  (Bruker  S2  Ranger)  was  employed  to  determine  the 
mole  ratio  (At.%)  of  P  and  V  in  the  original  LiVP04F  and  the  samples 
sintered  at  550  °C  for  30  min  under  air.  Fourier  transform  infrared 
spectroscopy  measurements  were  carried  out  on  Shimadzu  FTIR- 
8900  spectrometer  with  a  distinguishability  of  4  cm-1  between 
400  and  4000  cm-1  LiVP04F-based  samples  were  manually  ground 
with  KBr  and  then  pressed  into  thin  slices  for  FTIR  analysis. 

The  galvanostatic  charge/discharge  tests  were  performed  on 
LAND  CT2001A  battery  test  system  (Wuhan  Jinnuo,  China). 
Lithium-ion  batteries  were  cycled  between  3.0  and  4.7  V  at  a  cur¬ 
rent  density  of  10  mA  g-1.  Cyclic  voltammetry  (CV)  tests  were 
performed  between  3.0  and  4.7  V  with  a  scanning  rate  of  0.1  mV  s-1 
on  CHI  660D  electrochemical  workstation  (Shanghai  Chenhua, 
China)  at  room  temperature. 

The  in-situ  structural  evolutions  of  LiVP04F  and  the  oxidized 
sample  obtained  at  550  °C  during  Li+  extraction/insertion  were 
observed  by  in-situ  X-ray  diffraction  using  the  same  Bruker  D8 
Focus  diffractometer  as  described  above.  Prior  to  the  in-situ  X-ray 
diffraction  tests,  LiVP04F  powders  and  the  oxidized  sample  were 
respectively  mixed  with  carbon  black  and  subsequently  ground  in 
agate  mortar  and  then  ready  for  the  following  in-situ  X-ray 
diffraction  tests.  All  simulated  cells  and  in-situ  cells  were  assembled 
in  an  argon-filled  glovebox  with  relative  humidity  under  5  ppm. 

The  homemade  in-situ  cell  used  in  this  work  is  designed  based 
on  the  adjustment  of  in-situ  Raman  cell  reported  by  our  previous 
paper  [29,30].  It  mainly  consists  of  stainless  steel  chamber,  beryl¬ 
lium  disc,  working  electrode,  separator,  lithium  disc,  stainless  steel 
disc  and  polytetrafluoroethylene  sleeve.  Dozens  of  milligrams 
powders  mixed  with  carbon  black  were  prepared  in  advance  as  the 
working  electrode  by  directly  putting  on  the  beryllium  window  of 
the  in-situ  cell,  and  then  separator,  lithium  metal,  stainless  steel 
disc  and  electrolyte  are  placed  in  turn  in  the  in-situ  cell  chamber.  All 
the  collected  in-situ  X-ray  diffraction  data  were  analyzed  using  the 
Fullprof  program. 
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3.  Results  and  discussion 

Fig.  1  presents  the  TG-DTA  curves  of  the  original  material  LiV- 
PO4F  between  ambient  temperature  and  800  °C  under  air.  Two 
weight  losses  could  be  observed  in  the  TG  curve  with  a  total  weight 
loss  of  7.84%.  The  first  weight  loss  (0.7%)  between  100  and  150  °C  is 
associated  with  the  dehydration  process  resulted  from  physically 
absorbed  water  [31  ].  The  major  weight  loss  (7.14%)  is  observed  from 
400  to  550  °C  in  the  TG  curve,  which  is  probably  attributed  to  the 
removal  of  residual  carbon  (approximate  5.21%),  the  partial  vola¬ 
tilization  loss  of  lithium  (approximate  0.40%)  and  the  replacement 
of  fluorine  by  oxygen  (approximate  1.53%)  under  air  [27,29],  cor¬ 
responding  to  the  strong  exothermic  peak  in  the  DTA  curve 
appearing  at  approximate  470  °C.  The  element  loss  is  also 
confirmed  by  the  TG-DSC-MS,  ICP-AES,  EDS,  XRF  and  XPS  results 
of  oxidized  UVPO4F  at  550  °C  as  shown  in  Table  1. 

Fig.  2  shows  the  TG-DSC-MS  results  of  the  original  material 
UVPO4F  under  oxygen.  Similar  with  the  results  of  TG— DTA,  it  could 
also  be  found  that  the  original  sample  shows  obvious  weight  loss 
and  exothermic  peak  at  a  temperature  range  from  350  to  550  °C. 
Four  channels  of  MS  signals  with  high  resolution  of  ion  current 
(10-11  A-1)  were  monitored  each  time  synchronously.  Here,  the 
channels  of  m\z  =  20,  26,  30  and  38  were  recorded  in  the  experi¬ 
ment.  It  is  found  that  the  signal  of  m\z  =  26  was  observed,  which  is 
probable  contributed  to  volatilization  loss  of  LiF  at  high  tempera¬ 
ture  solid  reaction  calcination.  However,  no  signal  of  m\z  =  20,  30 
and  38  could  be  found  in  the  experiment.  Therefore,  the  thermal 
decomposition  products  of  UVPO4F  under  oxygen  cannot  be 
assigned  to  H20,  HF,  Li20  and  F2. 

In  this  paper,  a  series  of  LiVPC^F-based  powders  were  prepared 
under  air  by  sintering  UVPO4F  at  350,  550, 600, 650, 700  and  750  °C 
for  30  min.  For  investigating  the  effects  of  oxidation  degree  on  the 
morphology  and  structure  of  LiVP04F,  powder  XRD  patterns  and 
corresponding  SEM  images  are  collected  in  the  experiment.  Figs.  3 
and  4  show  the  XRD  patterns  of  LiVP04F-based  samples  heat- 
treated  at  different  temperatures.  The  main  diffractions  peaks  of 
UVPO4F  located  at  18.1°,  18.6°,  22.4°,  26.2°,  27.1°,  29.5°  are  in 
accordance  with  the  crystal  faces  (010),  (100),  (110),  (-111),  (0-11) 
and  (1-10),  respectively,  corresponding  to  the  JCPDS  card  No.22- 
1138  and  previous  reports  [25,26,32].  The  detailed  structural  pa¬ 
rameters  of  UVPO4F  are  described  in  Table  SI  (Supplementary 
materials).  When  UVPO4F  powder  was  sintered  at  350  °C  for 
30  min  under  air,  it  could  be  found  that  there  was  no  significant 
difference  in  the  crystal  structure  with  that  of  the  pristine  sample 
[26,32],  but  the  SEM  image  presents  a  few  agglomeration  phe¬ 
nomena  as  shown  in  Fig.  5.  When  the  sintering  temperature  was 
raised  to  550  °C,  the  powder  particles  appears  to  be  non-uniform 


Table  1 

The  final  chemical  composition  of  LiVP04F-based  materials. 


Sample  ICP-AES 

EDS 

XRF 

XPS 

The  possible  final 

Mole  ratio  (At.%) 

chemical 

composition 

Li:P:V 

P:V:F 

P:V 

Li:P:F 

The  original  0.98:1:0.93 

1:0.92:1.24 

1:1.12 

1:0.64:0.38  LiVP04F 

LiVP04F-350  °C  1.05:1:1.07 

1:0.91:1.09  / 

/ 

LiVP04F 

LiVP04F-550  °C  0.92:1:1 

1:0.97:0 

1:1.16 

1:0.64:0.04  Lii_xVP04Fi_y0z 

LiVP04F-600  °C  0.85:1:0.95 

1:0.97:0 

/ 

/ 

Lii_xVP040 

LiVPO4F-650  °C  0.83:1:0.92 

1:1:0 

/ 

/ 

Lii_xVP040 

LiVP04F-700  °C  / 

1:0.87:0 

/ 

/ 

/ 

Here,  0  <  x  <  0.2,  0.9  <  y  <  1,  0.9  <  z  <  1. 


and  somewhat  larger  as  seen  in  Fig.  5.  Although  the  whole  shape 
of  XRD  pattern  is  maintained  after  sintering,  all  the  diffraction 
peaks  of  the  oxidized  samples  shift  to  higher  Bragg  positions  and 
become  sharper  as  shown  in  Fig.  4.  As  reported,  the  thermal 
decomposition  of  LiFePC^  at  a  sintering  temperature  higher  than 
500  °C  resulted  in  the  formation  of  Fe203  and  oxidized  LixFeyP04 
under  air  [27].  However,  no  featured  diffraction  peak  of  V2Os, 
U3PO4  or  Li3V2(P04)3  can  be  found  in  the  XRD  patterns.  Although 
both  UVPO4F  and  LiFePCH  are  based  on  the  phosphate  polyanion 
cathode  materials,  the  structural  evolutions  of  UVPO4F  under  air 
are  different  with  those  of  LiFeP04.  As  reported  33-35],  anion-  or 
cation-deficient/doped  behavior  in  multi-element  compounds  al¬ 
ways  induces  the  shift  of  diffraction  peaks  in  the  XRD  patterns. 
Here,  all  the  samples  were  heat-treated  under  air  in  the  experi¬ 
ment.  Therefore,  the  fluorine  atoms  can  be  replaced  by  the  oxygen 
atoms  in  the  structure  during  high  temperature  calcination.  With  a 
careful  XRD  investigation,  it  is  found  that  these  diffraction  peaks 
are  similar  with  the  formation  of  UVPO4O  compound  (space  group: 
P-1)  based  on  the  JCPDS  card  No.72-2253.  Therefore,  the  oxidized 
compounds  are  probable  the  derivatives  of  LiVP040  and  iso- 
structural  with  the  known  mineral  ambygonite,  UVPO4O. 

To  describe  the  proper  composition  of  LiVPCUF-based  samples, 
the  molar  ratios  of  various  elements  in  the  compounds  were  tested 
and  analyzed  through  the  combination  of  ICP-AES,  SEM-EDS,  XPS 


Temperature  (°C) 

Fig.  2.  TG-DSC-MS  results  of  the  original  material  LiVP04F  under  oxygen. 
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2  theta  (degree) 

Fig.  3.  XRD  patterns  of  LiVP04F-based  samples  heat-treated  at  different  temperatures. 

and  XRF  methods.  The  analytical  results  of  various  techniques  are 
summarized  in  Table  1  and  the  patterns  of  SEM-EDS  could  be  seen 
in  Fig.  6.  Except  for  the  existence  of  Li,  V,  P  and  0  elements,  it  is 
found  that  almost  no  F  element  can  be  observed  by  ICP-AES,  SEM- 
EDS  and  XRF.  For  comparison,  trace  F  element  can  be  detected  by 
XPS  as  shown  in  Fig.  7. 

The  core  level  XPS  spectra  of  the  original  LiVP04F  and  the 
sample  sintered  at  550  °C  for  30  min  under  air  are  shown  in  Fig.  7a. 
All  the  obtained  binding  energy  (BE)  values  are  calibrated  by  the  C 
Is  standard  spectrum  (284.80  eV)  as  shown  in  Fig.  7b.  The  binding 
energy  values  of  V  2p  are  517.38  and  524.81  eV,  corresponding  to 
energy  level  of  V  2p3/2  and  V  2pi/2,  respectively,  as  shown  in  Fig.  7c. 
The  energy  difference  between  V  2p3/2  and  V  2pi/2  is  due  to  the  spin 
orbit  coupling  [36].  The  BE  value  of  V  2p3/2  of  the  original  LiVP04F 
matches  well  with  the  values  observed  in  LiVP04F  (517.20  eV) 
[37,38],  indicating  that  the  oxidation  state  of  vanadium  of  the 
original  LiVP04F  is  3+.  It  means  that  the  V5+  has  been  reduced  to 
V3+  during  the  carbothermal  reduction  process.  Flowever,  the  main 
oxidation  state  of  vanadium  in  the  sample  sintered  at  550  °C  for 
30  min  under  air  is  +4  with  the  V  2p  BE  values  of  518.09  and 
525.38  eV,  which  suggests  that  the  original  LiVP04F  transforms  into 
a  new  compound  with  isostructure  of  LiVP040.  The  spectrum  of  O 
Is  for  the  original  sample  is  also  shown  in  Fig.  7d,  and  the  BE  value 
of  531.83  eV  is  characteristic  of  O  element  in  the  O-V  or  O-P  bond 
[36],  which  is  similar  to  the  BE  value  of  O  Is  in  LiFeP04  (531.60  eV) 
[39].  The  spectrum  of  F  Is  for  the  original  sample  is  shown  in 
Fig.  7e,  and  the  BE  value  of  685.77  eV  is  the  characteristic  of  the  V-F 
bond  [36],  which  is  similar  to  the  BE  value  of  F  Is  in  Li-F  bond 
(685.70  eV).  The  spectrum  of  P  2p  for  the  original  sample  is  shown 
in  Fig.  7f,  and  the  BE  value  of  134.03  eV  is  the  characteristic  of  the  P 
in  P04  tetrahedra,  which  is  similar  to  the  BE  value  of  P  2p  in  LiFeP04 
(133.50  eV)  [39].  Compared  the  O,  F,  P  spectra  before  and  after 
oxidation,  it  is  clear  that  the  BE  values  for  O,  F  and  P  do  not  change 
after  sintered  at  550  °C  for  30  min  under  air,  which  suggests  that 
the  chemical  valence  states  for  O  (-2),  F  (-1)  and  P  (+5)  maintain 
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Fig.  4.  Selected  XRD  patterns  of  LiVP04F-based  samples  heat-treated  at  different 
temperatures,  (a)  17.5-20.0°;  (b)  25.5-31.0°. 


the  original  values  in  the  compound  before  and  after  oxidation. 
Based  on  the  above  analysis,  it  can  be  found  that  there  is  a  small 
number  of  F  still  existing  in  the  oxidized  sample  after  sintering 
under  air.  For  comparison,  the  content  of  Li  in  the  oxidized  sample 
just  shows  few  decreases.  Therefore,  we  concluded  that  the  original 
material  LiVP04F  oxidized  under  air  can  be  probably  defined  as  Lii_ 
xVP04Fi_yOz  (0  <  x  <  0.2,  0.9  <  y  <  1,  0.9  <  z  <  1)  according  to  the 
comprehensive  analytical  results  from  TG-DTA,  TG-DSC-MS,  ICP- 
AES,  SEM-EDS,  XRF  and  XPS.  This  oxidation  behavior  is  similar  to 
the  structural  transformation  from  LiVP040  to  Li3V2(P04)3  in  a 
mixed  gas  flow  of  Fl2/Ar  [40].  When  x  =  0.1,  y  =  0.95  and  z  =  0.95, 
the  defined  Lii_xVP04Fi_yOz  compound  can  be  described  Lio.gV- 
PO4F0  05O0.95  and  its  structural  parameters  are  displayed  in  Table  S4 
(Supplementary  materials). 

Compared  these  data  with  those  in  reported  literature,  it  is 
obvious  that  the  XRD  pattern  of  Lii_xVP04Fi_yOz  is  different  with 
that  of  LiVP04F,  VP04F  or  their  mixture  but  similar  to  the  structure 
of  LiVP040.  Therefore,  the  obtained  Lii_xVP04Fi_yOz  may  be  a  quasi 
new  compound.  Due  to  the  replacement  of  fluorine  by  oxygen  and 
partial  volatilization  loss  of  lithium,  the  electrochemical  perfor¬ 
mances  of  sintered  samples  become  poorer  with  the  increase  of 
sintering  temperature.  Besides,  the  valence  change  of  vanadium 
induced  by  the  partial  replacement  of  fluorine  with  oxygen  and 
partial  volatilization  loss  of  lithium  also  results  in  the  color  changes 
of  samples  from  black  to  gray-green  with  the  increase  of  sintering 
temperatures.  Besides,  endothermic  peaks  cannot  be  observed  in 
the  DTA  curve  as  shown  in  Fig.  1.  When  the  original  LiVP04F  was 
heat-treated  between  500  and  700  °C,  it  is  found  that  there  is  no 
obvious  weight  loss  and  thermal  behaviors  in  TG-DTA  curves. 
When  the  sintering  temperature  was  raised  to  750  °C  or  higher  one, 
it  is  found  that  the  resulted  powders  disappeared  completely  after 
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Fig.  5.  SEM  images  of  LiVP04F-based  samples  heat-treated  at  different  temperatures  (a)  The  original;  (b)  350  °C;  (c)  550  °C;  (d)  600  °C;  (e)  650  °C;  (f)  700  °C. 
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Fig.  6.  EDS  of  the  LiVP04F-based  materials,  (a)  The  original;  (b)  350  °C;  (c)550  °C. 
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heat-treatment.  At  the  same  time,  the  inner  wall  of  alumina  cru¬ 
cible  becomes  black  after  heat-treatment.  It  is  probably  attributed 
to  the  diffusion  of  LiVP04F-based  samples  into  the  inner  wall  of 
alumina  crucible  after  high  temperature  calcination.  As  a  result,  the 
whole  oxidation  process  of  UVPO4F  under  air  can  be  probably 
described  by  the  following  equation: 

LiVP04F  +  (4 X  +y  -  x)/4C  +  (z/2  +  *)02  - 
Li1_xVP04F1_yOz  +  xLiFT  +  (y  -  x)/4CF4  T  +  *C02  T  1  J 


Fig.  8  shows  the  FTIR  spectra  of  the  LiVP04F-based  samples 
prepared  at  different  temperatures.  When  the  sintering  tempera¬ 
ture  was  raised  to  550  °C,  the  resulting  powder  is  more  sensitive  to 
air  and  water  than  the  original  sample  and  the  sample  obtained  at 
350  °C.  It  absorbs  more  water  and  gas  molecules  under  air,  which  is 
confirmed  by  the  stronger  stretching  vibrations  of  O-H  band  at 
3430  cm-1  and  the  stronger  bending  vibrations  of  O-H  bands  at 
around  1635  cm-1  as  shown  in  Fig.  8a  [41].  When  LiVP04F  was 
sintered  at  350  and  550  °C  under  air,  the  FTIR  spectra  of  the 
oxidized  powders  have  some  obvious  changes  as  shown  in  Fig.  8b. 
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Fig.  7.  Core  level  XPS  spectra  of  the  original  and  the  sample  sintered  at  550  °C  for  30  min  under  air.  (a)  Survey;  (b)  C  Is;  (c)  V  2p;  (d)  Ols;  (e)  F  Is;  (f)  P  2p;  (g)  Li  Is. 
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Fig.  8.  The  FTIR  spectra  of  the  LiVP04F-based  samples  heat-treated  at  different  tem¬ 
peratures.  (a)  400-4000  cm-1;  (b)  400-1600  cm-1. 

For  instance,  the  stretching  vibration  frequencies  of  V=0  band 
(1041, 1042  and  1045  cm-1)  have  some  blue-shifts,  but  the  bending 
vibration  frequencies  of  O-V-O  band  (650, 648  and  636  cm-1)  and 
the  stretching  vibration  frequencies  of  P04  tetrahedra  (1004,  999 
and  993  cm-1)  have  some  red-shifts.  All  these  results  are  resulted 
from  the  partial  volatilization  loss  of  lithium  and  the  replacement 
of  fluorine  by  oxygen  in  the  structure  of  UVPO4F  after  sintering 
under  air.  Besides,  the  powders  sintered  at  550  °C  for  30  min  under 
air  have  some  new  absorption  peaks  at  912,  951  and  1161  cm-1, 
which  cannot  be  attributed  to  the  stretching  or  bending  vibrations 
of  V-0  bond  in  V2O5.  Although  Lii_xVP04Fi_yOz  shows  similar  FTIR 
and  XRD  patterns  with  those  of  UVPO4F,  it  may  be  a  new  substance 
with  a  new  structure  because  of  these  slight  differences.  It  implies 
that  these  new  bands  come  from  the  featured  vibrations  of 
Lii_xVP04Fi_yOz.  Based  on  the  previous  report  [42],  it  is  found  that 
the  two  new  absorption  peaks  at  912  and  1161  cm-1  can  be  ascribed 
to  V=0  and  P-0  bonds  of  UVPO4O,  respectively.  The  infrared 
characteristic  peak  at  951  cm-1  is  contributed  to  the  symmetric 
stretching  vibration  of  the  PO4  tetrahedra  in  the  structure  of  LiV- 
PO4O.  Therefore,  the  oxidized  compound  Lii_xVP04Fi_yOz  is 
probable  isostructure  with  the  known  mineral  ambygonite,  LiV- 
PO4O.  These  results  are  also  accordance  with  the  above  TG-DTA, 
TG-DSC-MS,  ICP-AES,  SEM-EDS,  XRF  and  XPS  analysis. 

Fig.  9a  and  b  present  the  charge/discharge  curves  and  corre¬ 
sponding  differential  capacity  profile  of  LiVP04F-based  samples 
cycled  between  3.0  and  4.7  V  at  a  current  density  of  10  mA  g~\  The 
original  material  LiVP04F  shows  two  operating  potential  plateaus 
at  4.25  and  4.30  V  during  the  charge  process,  corresponding  to  a 


total  charge  capacity  of  176  mAh  g-1.  Upon  discharge,  the  original 
material  LiVPC^F  could  deliver  a  discharge  capacity  of  112  mAh  g  \ 
which  corresponds  to  an  operating  potential  plateau  at  4.18  V  as 
shown  in  Fig.  9a.  Flowever,  its  initial  cycling  coulomb  efficiency  is 
only  63.6%  and  lower  than  the  first  cycle  charge  efficiency  (reaching 
to  approximate  84.0%)  reported  by  Barker  [43],  which  is  possibly 
resulted  from  the  electrolyte  decomposition  formation  of  solid 
electrolyte  interphase  at  high  operating  potentials  (>4.0  V). 
Moreover,  the  low  first  coulombic  efficiency  is  also  contributed  to 
the  poor  kinetic  behaviors  of  as-prepared  sample  with  large  par¬ 
ticle  size.  Besides,  there  are  three  weak  oxidation  peaks  appeared  at 
3.61,  3.69,  4.09  V  during  charge  process  and  two  weak  reduction 
peaks  appeared  at  3.65,  3.57  V  during  discharge  process  in  the  CV 
curves  of  LiVPC^F,  which  are  corresponding  to  the  lithiation/deli- 
thiation  behaviors  of  the  existence  of  Li3V2(P04)3  impurity.  When 
LiVPC^F  are  sintered  at  350  °C  for  30  min  under  air,  the  reversible 
capacity  and  cycling  efficiency  show  a  slight  decrease  as  shown  in 
Fig.  9c  and  d.  When  the  sintering  temperature  is  raised  to  550  °C, 
the  Li-storage  capacities  of  samples  decrease  dramatically,  i.e.  the 
charge  and  discharge  capacities  are  57.5  and  21.6  mAh  g-1, 
respectively,  during  the  initial  cycle.  During  the  second  cycle,  the 
charge  and  discharge  capacities  of  Lii_xVP04Fi_yOz  are  merely  53 
and  22.2  mAh  g~\  respectively.  Viewed  from  the  charge/discharge 
curves  in  Fig.  9a  and  the  CVs  in  Fig.  9e,  Lii_xVP04Fi_yOz  exhibits 
unusual  electrochemical  behaviors  with  two  delithiated  slopes  at 
4.07  and  4.27  V  in  the  charge  process  and  two  lithiated  slopes  at 
3.75  and  3.85  V  in  the  discharge  process,  which  are  accordance  with 
the  redox  peaks  in  CV  curves  as  seen  in  Fig.  9e.  Yang  observed 
similar  redox  peaks  in  the  CV  curves  of  LiVPC^O  [44].  It  is  found  that 
the  oxidation  and  reduction  peaks  in  their  CV  curves  are  located  at 
4.14  and  3.84  V,  respectively.  It  suggests  that  Lii_xVP04Fi_yOz  has  a 
different  structure  with  that  of  LiVPC^F  but  has  a  similar  structure 
to  that  of  LiVP040.  The  structural  evolutions  resulted  from  the 
replacement  of  fluorine  by  oxygen  during  sintering  under  air 
should  be  attributable  to  the  decrease  of  reversible  capacities.  As 
reported  [44,45],  LiVPCUO  samples  prepared  by  solid  state  reactions 
always  show  poor  electrochemical  properties.  Flere,  the  Lii_xV- 
P04Fi_yOz  samples  obtained  at  high  temperature  calcination  show 
similar  poor  electrochemical  behaviors  to  that  of  LiVPC^O  bulks.  In 
addition,  we  could  find  that  the  polarization  phenomenon  of  LiV- 
P04F-based  powders  becomes  more  and  more  severe  with  the  in¬ 
crease  of  sintering  temperatures  as  shown  in  Fig.  9a  and  e.  It 
indicates  that  the  oxidation  products  of  LiVPC^F  are  not  suitable  as 
advanced  cathode  materials  for  lithium-ion  batteries. 

It  is  well  known  that  the  structural  stability  of  electrode  mate¬ 
rials  during  lithiation/delithiation  process  plays  a  key  factor  on  the 
cycling  stability  of  lithium-ion  batteries.  In  this  paper,  we  adopt  an 
in-situ  X-ray  diffraction  technique  to  explore  the  structural  evolu¬ 
tions  ofLiVP04F-based  samples  during  charge/discharge  processes. 
Detailed  information  is  presented  as  follows. 

Figs.  10  and  11  show  the  initial  charge/discharge  curves  and 
corresponding  in-situ  XRD  patterns  of  the  original  LiVP04F  sample 
cycled  at  10  mA  g-1  in  3. 0-4.7  V.  Each  XRD  pattern  was  taken  for 
12  min  in  the  experiment.  Based  on  the  reversibility  of  the  V3+/V4+ 
redox  couple,  the  lithium  extraction/insertion  reaction  for  LiVPC^F 
can  be  summarized  as: 

LiV3+  P04  F  — >  V4+  P04  F  +  Li+  +  e“  (2) 

V4+P04F  +  Li+  +  e-  — >LiV3+PC>4F  (3) 

As  shown  in  Fig.  10,  it  could  be  found  that  there  are  two 
extraction  plateaus  appeared  at  4.26  and  4.30  V  in  the  initial  charge 
curve  of  LiVPC^F,  which  is  similar  to  the  previous  reports  [36,46- 
48].  It  is  thought  that  two  energetically  nonequivalent  reactions 
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Fig.  9.  (a)  The  initial  galvanostatic  charge/discharge  curves  of  LiVP04F-based  samples  heat-treated  at  different  temperatures;  (b)  Differential  capacity  profile;  (c)  Cycling  perfor¬ 
mances;  (d)  Coulombic  efficiencies;  (e)  Cyclic  voltammograms. 


corresponding  to  Li+  extraction  from  two  noncrystallographically- 
equivalent  Li  sites  in  the  structure  of  LiVP04F  are  the  main  rea¬ 
sons  for  the  existence  of  the  turning  potential  point  between  two 
extraction  plateaus.  However,  only  one  site  was  found  for  Li+  in  the 
structure  model  of  LiVP04F  as  presented  in  the  recent  paper  [49]. 
Based  on  the  above  discussions,  it  is  considered  that  two  Li  sites  in 
the  structure  of  LiVP04F  are  different  from  each  other.  As  a  result, 
the  molar  formation  Gibbs  free  energies  of  two  delithiated  products 
are  different  from  each  other.  As  well-known,  the  operating  po¬ 
tential  during  charge/discharge  process  is  determined  by  the  dif¬ 
ference  of  molar  formation  Gibbs  free  energies  between  reactant 
and  product.  Therefore,  it  is  thought  that  the  existence  of  two 
extraction  plateaus  in  the  initial  charge  curve  of  LiVP04F  is 
contributed  to  the  difference  of  molar  formation  Gibbs  free  en¬ 
ergies  of  lithiated  and  delithiated  products. 


Viewed  from  the  in-situ  XRD  data  in  Figs.  11  and  12,  it  is  failed  to 
observe  the  obvious  shift  of  XRD  peak  positions  during  the  initial 
delithiation  process  with  x  =  0.0- 0.5  in  Lii„xVP04F.  However,  the 
disappearance  of  the  original  LiVP04F  and  the  appearance  of  an 
intermediate  phase  as  0.28  Li  per  formula  extraction  from  the 
structure  of  LiVP04F  should  take  place  according  to  the  phase 
transition  point  in  the  charge  curve  in  Fig.  10  and  the  XRD  patterns 
in  Fig.  13,  and  the  data  in  the  charge  process  can  be  divided  into  two 
composition  regions  with  x  =  0.0-0.28  and  x  =  0.28-1.0  in 
Lii_xVP04F.  Based  on  the  extracted  lithium  content  as  shown  in 
Fig.  10,  this  intermediate  compound  is  defined  as  Lio.72VP04F,  which 
is  slightly  different  from  Li0.7oVP04F  as  reported  by  Basir  and 
Lio.67VP04F  as  reported  by  Mba  [46,49].  Based  on  the  in-situ  and  ex- 
situ  XRD  patterns  in  Fig.  13,  the  intermediate  phase  Li0.72VPO4F  is  a 
new  substance  and  its  crystal  structure  is  described  in  Table  S2 


Intensity(a.u.)  g*  Potential  (V) 


882 


R.  Ma  et  al.  /  Journal  of  Power  Sources  248  (2014)  874-885 


initial  charge/discharge  curves  of  LiVP04F  cycled  at  10  mA  g  1  in  3.0- 


( Supplementary  materials).  Here,  all  the  ex-situ  XRD  patterns  were 
collected  by  a  cycling  step-scan  for  2  h  per  pattern,  which  is  much 
longer  than  the  in-situ  XRD  patterns  for  only  12  min  per  pattern. 
Along  with  further  lithium  ion  extraction  to  the  end  of  charge,  the 
fratured  diffraction  peaks  (26  =  27.10°  and  29.50°)  for  U0.72VPO4F 
disappear  and  the  fractured  diffraction  peaks  (26  =  27.26°  and 
29.10°)  for  VPO4F  appear.  The  detailed  structural  parameters  of 
VPO4F  are  described  in  Table  S3  (Supplementary  materials).  As  a 
result,  the  whole  phase  transition  process  during  charge  can  be 
described  as  UVPO4F  ->  U0.72VPO4F  -►  VPO4F.  It  suggests  that  the 
charge  processes  of  UVPO4F  are  two  two-phase  structural 
transitions. 

Upon  a  discharge  process  to  the  end,  the  fractured  diffraction 
peaks  (26  =  27.26°  and  29.2°)  of  VPO4F  disappear  and  the  fractured 
diffraction  peaks  (26  =  27.1° and  29.5°)  of  LiVP04F  reappear  without 
the  appearance  of  intermediate  phase  U0.72VPO4F  as  the  discharge 
curve  and  corresponding  in-situ  XRD  patterns  shown  in  Figs.  10-12. 
It  implies  that  there  is  only  one  two-phase  structural  transition  in 
the  discharge  process,  i.e.  VPO4F  -►  UVPO4F.  As  a  result,  it  can  be 
concluded  that  the  charge/discharge  process  of  UVPO4F  is  an 
asymmetrical  phase  transformation  as  shown  in  Fig.  12.  Moreover, 
it  can  be  found  that  UVPO4F  returns  to  its  original  phase  through  an 
asymmetrically  full  lithiation/delithiation  process,  which  implies 
that  the  structure  of  UVPO4F  could  not  be  affected  by  repeated 
charge/discharge  process.  Therefore,  the  total  lithium  extraction/ 
insertion  reactions  for  UVPO4F  can  be  described  as: 

LiVP04F— >  Li0 .72VP04F  +  0.28U+  +  0.28e“  (4) 

Lio.72VP04F— >VP04F  +  0.72Li+  +  0.72e-  (5) 

VP04F  +  Li+  +  e-  ->  LiVP04F  (6) 

Fig.  14  shows  the  initial  two  charge/discharge  curves  of  oxidized 
UVPO4F  (550  °C)  cycled  at  5  mA  g_1  in  3.0-4.7  V.  The  decrease  of 
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Fig.  12.  Selected  in-situ  XRD  patterns  in  the  initial  charge/discharge  of  LiVP04F. 
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current  density  from  10  mA  g_1  (Fig.  9a)  to  5  mA  g_1  (Fig.  14)  results 
in  the  appearance  of  larger  irreversible  capacity  from  electrolyte 
oxidization  decomposition  at  high  potential  regions.  Based  on  the 
above  analysis,  it  is  known  that  LiVP04F  sintered  at  550  °C  for 
30  min  transforms  to  a  new  phase  Lii_xVP04Fi_y0z  (0  <  x  <  0.2, 
0.9  <  y  <  1,  0.9  <  z  <  1 )  with  isostructure  of  UVPO4FO.  Although 
Lii_xVP04Fi_yOz  shows  poor  electrochemical  performance,  its 
structure  is  maintained  as  proven  by  the  in-situ  XRD  patterns  as 
shown  in  Figs.  15  and  16,  SI  and  S2  (Supplementary  Materials). 
With  a  close  observation,  it  is  obvious  that  only  a  slight  evolution  of 
the  intensity  of  diffraction  peaks  (2 6  =  27.25°  and  29.75°)  can  be 
found  without  the  shift  of  diffraction  peaks  upon  the  whole  charge/ 
discharge  processes.  The  intensities  of  the  diffraction  peaks 
(26  =  27.25°  and  29.75°)  decrease  slightly  upon  charge  and  become 
strong  again  during  the  discharge  process.  It  tells  that  the  structure 
of  full  delithiated  compound  is  probably  similar  to  that  of  the 
original  Lii_xVP04Fi_yOz  sample.  By  deducting  the  estimated  ca¬ 
pacity  loss,  the  possible  structure  of  delithiated  Lii_x_mVP04Fi_yOz 
can  be  defined  as  Li0.65VPO4F0.05O0.95  when  x  =  0.1,  y  =  0.95, 
z  =  0.95  and  m  =  0.25  and  its  crystal  structure  can  be  described  in 


Fig.  14.  The  initial  two  charge/discharge  curves  of  LiVP04F  sintered  at  550  °C  for 
30  min  cycled  at  5  mA  g-1  in  3.0-4.7  V. 
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Fig.  13.  A  comparison  of  selected  in-situ  XRD  patterns  (a,c,e)  and  corresponding  ex-situ  XRD  patterns  (b,d,f)  in  the  initial  charge  process  of  LiVP04F. 
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Fig.  15.  In-situ  XRD  patterns  of  LiVP04F  sintered  at  550  °C  for  30  min  cycled  at 
5  mA  g_1  in  3.0-4.7  V  during  the  first  charge/discharge  process. 

Table  S5  (Supplementary  materials).  Therefore,  the  total  lithium 
extraction/insertion  reactions  for  Lii_xVP04Fi_yOz  can  be  probably 
described  as: 

Li1_xVP04F1_y0z^Li1_x_mVP04F1_y0z  +  mLi+  +  me-  (7) 

Li1_x_mVP04F1_yOz  +  mLi+  +  me- -►Li1_xVP04F1_yOz  (8) 

Moreover,  the  remained  XRD  patterns  during  repeated  cycles 
are  also  associated  with  the  low  lithium  insertion/extraction  con¬ 
tents.  Therefore,  it  is  considered  that  Lii_xVP04Fi_yOz  (0  <  x  <  0.2, 
0.9  <  y  <  1,  0.9  <  z  <  1)  is  a  stable  but  electrochemically  inactive 
compound. 


4.  Conclusions 

By  using  powerful  analytical  techniques  (TG-DTA,  TG-DSC- 
MS,  ICP-AES,  SEM-EDS,  XRF,  XPS,  FTIR,  powder  and  in-situ  XRD), 
this  work  identified  the  effects  of  oxidation  on  the  structure  and 
performance  of  LiVP04F,  which  has  been  considered  as  a  promising 
cathode  material  for  the  next  generation  Li-ion  batteries  with  an 
average  high  operating  potential  at  4.25  V  and  a  reversible  capacity 
of  112  mAh  g~\  It  exhibits  one  lithiated  plateau  at  4.18  V  and  two 
delithiated  plateaus  at  4.26  and  4.30  V,  which  is  resulted  from  the 
formation  of  the  intermediate  phase  Lio.72VP04F.  In  this  paper,  a 
serial  of  LiVP04F-based  powders  were  prepared  through  sintering 
LiVP04F  at  different  temperatures  under  air.  When  the  original 
LiVP04F  sample  is  sintered  at  350  °C,  its  crystal  structure  shows  no 
obvious  change,  but  the  X-ray  diffraction  peaks  of  oxidized  sample 
obtained  at  550  °C  shift  to  higher  Bragg  positions.  When  the  sin¬ 
tering  temperature  is  raised  to  750  °C,  the  resulting  powders 
disappear  completely.  In-situ  X-ray  diffraction  tests  demonstrate 
that  LiVP04F  experiences  an  asymmetrical  phase  transformation 
upon  a  charge/discharge  process,  i.e.  LiVP04F  -►  Lio.72VP04F  -> 
VP04F  during  lithium  ion  extraction  and  VP04F  -►  LiVP04F  during 
lithium  ion  insertion  without  the  appearance  of  the  intermediate 
phase  Lio.72VP04F.  In  addition,  When  LiVP04F  is  sintered  at  550  °C, 
an  abrupt  decrease  in  capacity  is  observed,  and  this  compound 
exhibits  unusual  redox  behaviors  with  two  delithiated  slopes  at 
4.07  and  4.27  V  during  the  charge  process  and  two  lithiated  slopes 
at  3.75  and  3.85  V  during  the  discharge  process.  Furthermore,  TG- 
DTA,  TG-DSC-MS,  ICP-AES,  SEM-EDS,  XRF,  XPS,  FTIR  and  powder 
XRD  tests  demonstrate  the  sample  obtained  at  550  °C  can  be 
defined  as  the  formula  of  Lii_xVP04Fi_yOz  (0  <  x  <  0.2,  0.9  <  y  <  1, 
0.9  <  z  <  1 )  with  similar  structure  of  LiVP040.  It  is  an  unknown  new 
substance  with  a  stable  structure  as  proven  by  in-situ  X-ray 
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Fig.  16.  Selected  in-situ  XRD  patterns  during  the  first  charge/discharge  process  of  LiVP04F  sintered  at  550  °C  for  30  min  cycled  at  5  mA  g  1  in  3.0-4.7  V. 
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diffraction.  Detailed  structure  information  of  Lii_xVP04Fi_y  needs 
to  be  further  studied  by  neutron  diffraction  or  synchrotron  radia¬ 
tion  techniques  in  the  future  work.  Finally,  the  next  step  in  our 
group  is  to  explore  the  structural  evolutions  of  UVPO4F  and  Lii_ 
xVP04Fi_yOz  (0  <  x  <  0.2,  0.9  <  y  <  1,  0.9  <  z  <  1)  in  broad  elec¬ 
trochemical  windows  (0.0-4.7  V). 
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